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I.  Introduction 


This  report  describes  recent  progress  in  NRL's  research  involving  the 
application  of  advanced  spectroscopies  to  the  study  of  energetic  materials. 
This  program  is  currently  jointly  funded  by  the  Office  of  Naval  Research  and 
ttie  Naval  Research  Laboratory  as  part  of  their  collaborative  SpeciaL  Focus 
Program  in  the  area  of  energetic  materials. 

Ttie  goal  of  this  initial  spectroscopic  studies  are  to  provide  the 
appropriate  species  identification  protocols  suitable  for  the  study  of  fast 
energetic  reactions  stimulated  by  light,  heat,  and/or  shock. 

One  of  the  major  objectives  of  this  Special  Focus  Program  is  to  identify 
and  characterize  the  important  initial  stages  of  energetic  reactions  .is  a 
function  of  initiation  mode.  In  order  to  do  this,  techniques  must  be 
developed  to  observe  the  critical  chemical  fragments  in  the  required  time 
scales  [e.g.  10-^  sec)  and  to  elucidate  the  kinetics.  Using  these  data 
attempts  will  be  made  to  modify  and  control  the  course  of  the  observed 
energetic  reactions.^ 

The  initial  species  identification  experiments  have  been  performed  in  the 
Short  Pulse  Section  of  tile  Optical  Probes  branch  [Code  65101  at  NRL. 
Collaboration  with  the  Chemistry  Departments  of  Georgetown  University,  Johns 
Hopkins  University  and  Washington  State  University,  have  been  quite  useful  to 
the  program  during  the  past  year. 

II.  Progress  FY  81 


The  time  definition  inherent  in  picosecond  pulse  excitation  enables  the 
near-instantaneous  deposition  of  energy  into  the  molecular  system  before 
secondary  reactions  or  collisions  can  occur.  As  a  consequence  of  the  high 
optical  flux  densities  obtainable  from  our  short  pulse  lasers,  we  ran  readily 
excite  molecular  systems  through  either  single  or  mult iphoton  absorption 
processes . 


Unimolecular  processes  are  of  interest  in  regard  to  the  determ i nat ion  of 
primary  photo-induced  events.  There  are  many  questions  about  an i mo leeul ar 
photodissociation  which  arc  likely  to  be  answered  through  the  application  of 
recently  developed  short  pulse  techniques.  For  isolation  of  specifically 
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ultimo lecular  and  early  collislonal  processes,  we  have  been  performing 
experiments  on  a  variety  of  simple  gas-phase  organic  molecules.  (Table  1) 

Table  l 


GASES 

EMISSIVE 

SPECIES/STATES 

CH3NO0 

C2 

d'3'!g  a3!u  ;  C 

C2»2 

CN 

b2;;+  +  X2:  + 

CH3CN 

CH 

A 2  A  *  X2 

ch2co 

»ct.  H* 

Balmer  Series 

CO 

C 

3  1  po  +  2*  S 

CH4 

C+ 

32po  *  o2S 

HC.N 

0 

3SP  ►  35S  ;  33P 

A.  Acetylene 

Extensive  data  have  been  collected  for  short  pulse  uv  photolysis 
(25  ps,  266  ntn,  10  mJ)  of  C2 H2 •  The  dominant  emissive  fragment  product  is  the 
carbon  diradical,  C2  d3"g,  and  its  consequent  Swan  emission  (d3''  -  a3-,).  The 

characteristic  approaches  which  we  have  developed  fix  upon  individual  species 
isolated  spectroscopically  and  detected  in  emission.  Our  results  have  given 
conclusive  evidence  that  the  lowest  order  process  yielding  emissive  C2*  is 
unimolecular  and  occurs  in  less  than  a  nanosecond.  Streak  camera  data 
indicate  a  grow-in  time  for  this  fragment  of  about  200  picoseconds.  The 
unimolecuiar  nature  of  the  process  was  confirmed  by  performing  isotopic 
labeling  experiments  utilizing  mixtures  of  *~C2H2  and  *3C2H,>.  Emission 
characteristic  of  the  collisionally  produced  fragment  (*2C  33C)*  was  sought, 
but  very  little  signal  attributable  to  this  species  was  observed  at  early  times 
of  less  than  a  few  nanoseconds.  After  several  nanoseconds,  a  grow  in  of  the 
(  1 3C)*  fragment  was  detected. 

Thus  C2*  also  is  produced  intermolecular ly  from  fragments  of  acetylene  in 
secondary  processes  that  are  exhausted  within  several  nanoseconds  ( -  7ns  at 
5  torr).  This  development  must  be  regarded  as  fast  on  the  scale  of  collision 
rates,  although  it  is  readily  observed  by  our  instrumentation.  The  collision 
partners  in  this  C2*  formation  process  appear  to  be  pairs  of  excited  (hi* 
radicals.  Emission  spectra  from  CH  A2H  have  been  observed.  These  spectra 
exhibit  parent  quenching  with  kn  ~  3  X  lO**10  sec-*,  which  is  typical  for 
radicals  and/or  excited  electronic  states.  (Normal  molecules  give 
substantially  lower  rates.)  Employing  the  hypothesis  of  a  collislonal 
formation  rate  proportional  to  (CH*)2  and  considering  known  Co*  decay  rates, 
the  CH*  emission  time  profiles  indicate  that  these  are  pertinent  rates  of 
precursor  exhaustion. 


B.  Carbon  Monoxide 


Ct  d^2g  is  also  formed  upon  the  Irradiation  of  Co  with  intense  picosecond 
pulses  at  2nd  nm.  The  processes  involved  in  the  formation  of  C2  from  CO  are 
clearly  different  from  those  for  other  molecules  studies,  e.g.  acetylene, 
acetonitrile,  ketene,  methane,  etc.  There  Is  in  fact  an  extensive  literature 
on  related  observations  of  C2  Swan  emission  from  CO  parents.  The  anomalous 
features  in  the  emission  spectrum,  first  reported  by  Fowler  some  70  years  ago , 
have  attracted  repeated  spectroscopic  and  kinetic  studies.  There  has, 
however,  been  a  deficiency  in  temporal  studies,  probably  due  to  lack  of 
instrumental  capability. 

The  most  striking  feature  that  is  observed  is  a  strong  relative 
enhancement  of  V  =  6  in  the  Swan  spectrum.  This  is  not  quite  unique  to  Co, 
having  been  also  observed  in  CH4  and  flames.  Our  time  resolved  studies  reveal 
that  Swan  excitation  occurs  through  distinct  early  and  late  processes. 

However,  even  the  early  process  produces  emission  protracted  far  beyond  the 
radiation  lieftime  of  120  ns.  The  late  process  endures  for  over  20  us  and  is 
not  affected  by  pressure.  In  addition,  we  have  demonstrated  that  it  is  the 
late  process  which  is  exclusively  responsible  for  the  V  =6  enhancement;  the 
early  process  yields  a  vibrational  distribution  typical  of  the  other  parent 
species  listed  above . 

Our  results  are  consistant  with  a  hypothesis  that  resonant  curve  crossing 
within  C2*  is  responsible  for  V  =6  enhancement;  indeed  a  single-triplet 
transfer  I^Ag  *  d’2^  may  even  account  for  20  ,is  delays.  Protracted 
chemiluminescence  from  such  a  simple  parent  as  CO  is  quite  unusual  and  was  not 
expected. 

C.  Acetonitrile 

The  temporal  profiles  of  fragment  emission  from  CH3O.V  have  been  obtained. 
Both  the  C2  ^ Swan  and  the  CN  B  ^7.+  Violet  Systems  have  been  observed.  The 
populations  develop  with  characteristic  pressure  dependent  formation  rates 
which  are  linear  in  pressure  and  linear  in  additive  methane.  Alternative 
kinetic  hypothesis  are: 

i.  Initial  two-quantum  excitation  of  a  bound  state  of  the  parent,  3‘A"D,  and 
subsequent  predissociation  through  competing  unimolecular  and  collisional 
processes . 

Ii.  Prompt  scission  yielding  CN  fragments  in  the  ground  electronic  state  X?:+ 
Dut  with  very  high  Levels  concomitant  vibration  (a  'dark  channel') 
extending  above  the  emissive  B  state.  This  would  then  be  followed  by 
collisional  crossing  to  the  B  state  -  essentially  an  inverse  conversion. 
There  is  some  basis  for  such  an  hypothesis  in  observations  and 
interpetat ions  within  the  literature  and  in  some  observations  of  our  own. 

We  are  currently  studying  isotopic  materials  1  “CH3  *  Vi,  * -C  *  ’N , 

and  l^CH3^C^N,  as  well  as  normal  ^ -CH3I  -C^‘4N.  With  these  compounds  we 
expect  to  obtain  valuable  information  similar  to  tiiat  found  with  acetylene. 

For  instance,  we  believe  that  the  CN  fragment  derives  only  from  the  cvano 
group  of  the  parent  and  that  the  C2  fragment  originates  from  carbons  in  the 
parent  methyl  groups.  Preliminary  work  with  HCN  indicates  that  ('2  is  not 
formed,  though  CN  is  abundant. 
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D.  Photolysis  of  Gas-Phase  Nitromethane 

While  the  single  beam  experiments  described  previously  have  proven  to  be 
quite  fruitful  in  elucidating  processes  involving  excited-state  products,  they 
provide  no  information  about  the  non  emissive  ground-state  fragments.  These 
fragments  might  well  be  the  major  products  of  the  fast  energetic  reaction 
under  study.  As  a  consequence,  a  two-beam  excite  and  probe  experiment  has 
been  undertaken  during  the  past  year.  The  experiment  utilizes  a  Nd:phosphate 
glass  laser  system  in  which  the  4th  harmonic  at  264  nm  dissociates  the 
molecule  under  investigation  and  a  second  beam  at  527  nm  probes  for  the 
absorption  of  the  fragments  utilizing  the  technique  of  laser-induced 
fluorescence.  The  laser  system  was  perfected  during  the  past  year  and  has 
been  applied  to  study  the  gas-phase  photolysis  of  nitromethane. 

The  fluorescence  signature  of  the  expected  NO2  fragment  was  first 
determined  in  NO2  vapor  before  attempting  the  nitromethane  photolysis 
experiments.  The  observed  fluorescence  decay  curves  could  be  constructed  from 
s ingle-exponent lal  fits  and  were  consistant  with  previously  published  work  on 
Nf>2 .  It  was  found  that  pressures  of  >  5  torr  nitromethane  strongly  quenched 
N(>2  fluorescence.  Therefore,  the  two  beam  photolysis  experiment  was  conducted 
at  pressures  between  0.1  and  2  torr. 

Nitromethane  was  then  photolysized  and  probed  for  ground-state  fragments 
with  the  527  nm  pulse.  Induced  fluorescence  was  observed  which  was  identical 
in  spectral  and  temporal  behavior  to  that  observed  in  NC^/'nitroraethane 
mixture  studies.  The  formation  kinetics  of  the  attributed  NO2  fragment  were 
investigated  by  varying  the  delay  time  between  the  264  nm  and  527  nm  pulses. 

4  sharp  step  in  the  intensity  of  the  induced  fluorescence  vs.  delay  was 
observed.  The  position  of  the  onset  and  rapid  rise  in  signal  appear  to 
indicate  extremely  rapid  (<  20  ps)  formation  of  the  fragment.  The  fluorescent 
signal  was  found  to  be  linear  in  UV  excitation  and  probe  laser  energy 
indicating  dissociation  from  the  lowest  energy  n  •*  "I*  transition  of 
nitromethane. 


The  papers  that  have  resulted  from  the  work  described  above  are  Included 
in  the  following  pages.  In  the  coming  year  work  will  proceed  on  the 
development  of  the  species  Identification  techniques.  One  technique  that 
looks  particulary  promising  is  the  recent  development  in  our  laboratory  of  a 
picosecond-white  light  CARS  [ coherent-ant istokes  Raman  scattering]  technique 
in  which  for  the  first  time  an  entire  Raman  spectra  can  be  observed  with  one 
picosecond  laser  pulse.  We  are  now  investigating  the  applicability  of  this 
technique  to  the  study  of  energetic  reactions. 
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1  Introduction 

I  In'  Swan  Kind  emission  systems  ol  CNlil  '!lt  - 
a  -'ll  l  ate  well  know  n  tor  the  it  piominence  in  flames 
and  appeal anee  undei  diverse  conditions  of  excitation 
( 1  ] .  CN  Swan  band  emission  from  pulsed  excitation 
of  C'O  includes  the  high-picssurc  bands  of  Fowler  |2] . 
now  attributed  to  an  enhancement  oft/  =  (>,  The  very 
identification  of  the  spectroscopic  anomalies  as  com¬ 
ponents  of  Swan  emission  |.'|  and  the  peculiar  popu¬ 
lation  kinetics  1-4.5]  have  afforded  challenge  to  analy¬ 
sts  CO  is  not  entirely  unique  in  producing  such  fea- 
tutes.  Sevei.il  other  systems  (with  patents  not  neces¬ 
sarily  containing  oxy pen  atoms)  necessitate  distinct 
ic.ntton  schemes.  The  current  understanding  of  the 
excess  t;  -  o  population  has  depended  heavily  upon 
high-iesolution  speetioseopy  and  term  analysis  |C>.?]. 
and  upon  potential-curve  calculations  |S.‘)).  Although 
investigated  lot  many  scats,  the  origin  of  the  normal 
and  high  pressure  Swan  emission  remains  utuesoived. 

In  the  cunent  work,  we  have  studied  the  spcctial 
and  temporal  development  of  band  and  line  emission 
ttom  photoly  sis  products,  subsequent  to  multiphoton 
2('t'  tint  excitation  ot  CO  (5  100  Torr )  wit  It  a  25  ps 
pulse.  Thtough  signal  digitization  and  avetagmg.  rec- 


ouls  have  been  obtained  ovet  a  time  sv.de  t  .urging 
trom  a  vubna'iosecoiid  detection  nsetnne  to  oset  50 
f. is  It  is  found  tliat  excitation  of  Sssan  band  emotion 
occurs  through  tw  o  distinct  mechanisms.  t  arl\  and 
late.  The  high-pressure  bands  arise  only  from  the  late 
ptocess. 

2  Experimental 

Excitation  ssas  ptovided  by  the  fourth  hatmonu  ot 
a  mode-locked  Nd  N  AC  laser  system  ]10],  The  2t>(' 
mil  single  pulse  10  m.l.  25  ps)was  focused  into  a 
static  gas  .ell  with  1  il  windows,  producing  flux  den¬ 
sities  in  excess  of  H)"  \V  cm-  !  mission  was  collect¬ 
ed  at  right  angles  and  focused  into  a  Jar  tell  Ash  1  m 
spectiomctei  (resolution  1  tun).  The  instrument  was 
coupled  at  the  exit  slit  to  a  \  .man  N  I’M  1  54M 
crossed -field  photomultiplier  (Ca  -Ns.  spectral  tango 
200  <JOflnm.O  15  ns  nscttrtic l.  or  through  a  side 
minoi  to  an  1  (>\(.  OMA  II  500  channel  intcttMtied 
(isn  )  vidici'ii  system.  The  mtensiftei  section  ot  the 
vuheon  could  be  gated  by  a  high-voltage  pulse  gene- 
latot  triggeied  ttom  the  laset  pulse  I  tme-tesolved 
wavefotms  ttom  tin’  photomultiphci  wete  signal- 


H*.£.  (>•4  shots)  by  a  Tektronix  71)  1  2  ADdigi- 
ti/Hii'  oscilloscope  (system  slept  unction  riselime 
0.S5  ns)  interlaced  to  a  1  ektiomx  4052  coinputei . 
Rackgioiind  and  tnstiumental  ltiegulaiities  were  sub¬ 
tracted  In  use  of  the  computer  system,  e.g.  emission 
bands  generally  aie  represented  by  the  difference  be¬ 
tween  signals  at  the  band  head  and  =  1  ntn  to  the  red. 

t’aibon  monoxide  was  ultia  high-pumx  grade 
(Matheson )  and  was  freed  of  any  metal  carbonyl 
contaminants  HU.  1’iessuies  were  measured  by  a 
Wallace  J  ieinan  gjuge  (•*  0.1  Torr).  No  evidence  ot 
changes  m  the  temporal  or  spectral  distribution  ol 
emission  due  to  formation  of  stable  photolyuc  pro¬ 
ducts  was  observed  dining  a  typical  seiies  of  several 
hundred  pulses  (firing  rate  ^  If/). 


3.  Results 


i  no  1  Signal-averaged  vidieon  spectra  ol  (N  Sw.iri  ,  U"i  ui 
<Ai  -'ll  (al  25  Ion  ot  ClljCV  no  gating.  5n  laser  palses 
(to  25  1  <»rr  ol  (  O.  nun  ps  gate.  20  laser  pulses,  ic)  2s  1  n:r  ot 
(  O.  1  co  gate ,5uu  laser  pulses  Note  l)i;U  the  luglop:es-,.iic 
sv  stem  o  uout'te  -headed.  h-'h  bands  are  absent  irr  sped  rim; 
(el 


3. 1 .  I'hotolysis  s/nctra  normal  Swan  anJ  Inyh- 
pressure  U  Jiurt  s 

The  Sw  an  hands  of  (\(d  -*  llj,  -  a  ?  1 1  u  )  pic  sent 
violet -deei-ided  heads  (l1'.  i"  )  spanning  much  ot  the 
visible  Spectial  and  kinetic  ohscivalioiis  in  oiheis 
support  iwo  classifications  toi  (',  emission  n-  -rmal 
Swan  hands  associated  with  v  -  0  (>.  and  high  pics 
sure  Sw arr  bands  associated  with  jii  excess  population 
t*  -  0  1 1  7 ) .  Vibrations  p'  >  0  c , u  lespond  n 1  headless 

ol  i  ail  '.m  Js  w  bn  It  aie  not  ev  idem  in  .my  <  ■:  o.n  cur¬ 
rent  observations.  Photolysis  ol  many  simple  cases 
I  e.g  (  s  1 1  s .  ('ll  ,CN.  (Il4  l  y  icTds  only  the  me  mat 
Swan  hands  ]  1  0.1  2  ]  big.  la  is  j  time -averaged  l  -  At 
=  + 1  spectrum  thorn  25  Ion  ol  No  exception¬ 

al  intensity  is  associated  with  t’  =  6.  Ibis  Swan  em: 
sion  is  fully  developed  veiy  early  after  excitation 
(within  a  few  nanoseconds  land  persists  less  than  200 
ns  1 12].  All  vihiatioiial  rotational  features  ol  these 
Swan  bands  share  a  common  tune  development  !oi  a 
given  gas  and  pressure. 

Curves  b  arid  c  in  lip.  I  aie  time -gated  vidicon 
spectra  from  25  1  or r  ot  CO.  f-oi  b,  signal  was  accept 
cd  throughout  an  interval  ol  UOOps  atlei  the  lasei 
pulse  (so  that  no  emission  was  rejected)  and  is  typical 
of  reported  lime-averaged  C,  spectra  produced  from 
a  CO  discharge  (b,7].  Swan  emission  following  CO 
photolysis  displays  less  rotational  excitation  than  is 
typical  ol  other  parent  molecules.  This  effect  can  be 


recognized  in  comparison  of  figs,  la  and  1  b.  but  it  is 
more  evident  with  bet  lei  resolution  ami  w  ith  bjselme 
subtraction  P  .10) .  In  fig.  lb,  the  (('.5 )  tug! i -press. tie 
band  is  veiy  prominent .  0 ,1 S  nm  to  the  ten!  ot  the 
(5  .4  I  hand  head  !  . 

1  ot  cuive  c  ol  fig.  1  the  mtcnsifici  gate  was  set  to 
a.vcpt  signal  for  an  mtcival  of  1  ps  fidl-'Vvng  '.he  lawt 
puhe.  do  obtain  adequate  signjl-lo-noise  within  this 
limited  gate  tnteival  we  accumulated  signal  Horn  5(Ki 
l-is-.u  pulses.  The  notmal  Swan  emission  is  piesent  at 
this  early  time,  hut  the  v.gh-ptesstire  band  n  .essen¬ 
tially  absent.  Clearly  ,  there  aie  at  least  tw  o  dr-luic  1 
me,  hanisitis  to i  excitation  an  euily  one  developed 
within  1  ps  and  another  which  assumes  importance 
at  later  times. 

o'  3  /mu  .A  i<  /.  i/muiit  ol  v/'n  Hal  U  j;urcs 

1  oi  illustration  ot  i he  gross  lempoial  teatuies.  tigs 
2a  and  21'  display  digital  oscilloscope  trace's  rccotded 
at  love  sweep  speed,  over  a  CO  ptessute  range  ol  15 
<>0  1  on  Heic.  the  normal  Swan  sy stems  ate  topic- 
sented  by  the  intense  (U.l)|  hand  head  at  510.5  nm. 
which  is  well  isolated  .-V  an  example  oi  the  high- 
piessiiie  sy  stem  we  have  selected  the  (O.S)hand  liead 
at  5S‘)U  nm.  which  is  better  isolated  than  the  (0.5  I 
head  shown  in  lig.  1  hut  is  si  ill  undeilam  by  a  minor 

*  t  he  hand  head  .tssigumenfs  are  taken  Iron,  ibe  high  ieso|u- 
tl.  'll  u  ol  k  ol  SI  elite]  jn,l  Mco-Cllc  )  7  ] 
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60  torr 


I  ig  2 . Ihgital  oscilloscope  traces  (signal  average  of  64  pulses) 
Comparison  of  normal  am!  h 4: h -pressure  ('2  emission  profiles 
at  a  sK>u  sweep  speed  (5  tis  div).  |j).  lb)  Oenionsiration  of 
jmoss  indifferenec  to  CO  pressure,  (e),  (d)  Overlay  s  to  ernpha- 
M/e  difterenees  of  1*'  -  6  and  «/  -  0  emission .  I  or  suppression 
ot  h 4:6 'frequency  shot  noise,  the  data  have  been  smoothed 
over  0.7  ^ s  windows. 


I  ic  .V  Model  curves  fit  tine  curls  process  emission  (t‘  -  Oat 
*  1 6.3  run  l.  25  I  or  r  ot  CO  1  vs  o  limit  me  r ;  values  i  see  text ) 
have  been  employ  ed. 

the  energy  dependence  and  a  pseudo-firsl-otdei  decay 
(time  constant  7s  =  1  A- ).  A->  is  taken  to  he  linear  in 
CO  piessure  and  to  have  a  /cio-pressure  limit  corre¬ 
sponding  to  Tv  r  I  20  ns.  The  proposed  scheme  is  out¬ 
lined  by 

X*'-C\  d  .  (1) 

C,  (Pllj.h-C,  a3llu  .  (2) 


component  of  rotation  y.  Inched  to  nonnal  Swan 
heads  (5 ,7).  etc.  The  inference  front  the  vidicon 
spectra  of  early  and  late  processes  is  confirmed.  For 
pressures  >  10  Torr  of  CO,  the  late  process  dominates 
time-averaged  emission  i.  both  the  normal  Swan  and 
high-pressure  bands.  Apart  from  subtle  differences  ot 
substructure,  the  duration  of  the  late  process  is  very 
similar  for  v  =  (>  and  v  =  0. 

.1.2. 1  F.arlv  pnx  ess 

f  igs.  3a  and  3b  resolve  the  time  development  of 
early  Swan  emission.  (0.0)  hand  head,  for  23  Ton  of 
CO.  Since  the  C->  d  -Ml^  collision -ft ee  lifetime  is  *  120 
ns  [13).  the  comparatively  slow  decay  process  in  fig. 

3a  reflects  not  the  kinetics  of  the  d  'll^  -  a  -  Jl„  nan 
sition.but  rather  the  destruction  of  a  longer-lived  pre¬ 
cursor  whose  lifetime  can  he  expressed  simply  as  7j  = 
1/Aj  (where  Aj  is  a  pseudo-first-order  rate  constant  rep 
resenting  a  sum  of  the  rate  constants  responsible  for 
loss  of  the  precursor).  Flic  rise  of  the  trace  in  fig.  3b 
is  governed  then  by  the  loss  of  C-,  d  1 1^ .  When  the 
mean  pulse  energy  is  changed  from  *4  to  12  mJ.  the 
risetime  decreases.  Hence. at  least  two  processes  must 
he  considered  to  describe  the  loss  of  Ci  d  'll,.:  a  hi- 

-  t- 

molecular  process  (rate  constant  A  ? )  to  account  lot 


C\  d-'ll,  +  T  --*?  .  (3) 

X  represents  an  unspecified  ptecutsoi .  k  |  and  A-,  each 
represent  sums  of  first -ordet  or  pseudo-first  -order  rate 
constants  describing  the  oveiall  decay  of  X  and  of 
Ci  d  -'llf  respectively  .  A -.  is  the  himoleculji  late  con¬ 
stant  fin  leactions  of  Cs  d -M! ,  with  itself  or  another 
transient  of  similar  abundance.  The  above  model  al¬ 
lows  satisfactory  fits  to  the  experimental  curves  over 
the  range  3  60  Torr,  where  analysis  is  feasible.  Tw  o 
analyses  were  performed  for  each  pressure,  icpiexent- 
mg  limits  of  no  quenching  (7 1  =  1 .2  X  1 0  '  s  [  1 3  ] ) 
and  of  strong  quenching  by  CO.  As  a  lowei  limit  for 
T-i  .we  employed  a  value  extrapolated  Horn  data  lot 
quenching  of  Ci  d  5 IIp  by  CHOCS’  ’  .  according  to  7; 

=  i(1.2  X  10  7f  1  +  Ay  |  CO]  i  ’  and  Ay  =  7.1  X  1(? 
Torr  1  s  1  [12).  These  extiema  for  7->.  in  curve  fits 
to  the  initial  lull  of  the  traces  at  any  given  pressure, 
force  no  more  than  \0  '  change  in  .  A  plot  of  Aj 

1  We  assume  that  OljCN  is  a  more  elticient  quencher  ot 
(  x  d  than  CO,  since  flljCN  contain**  an  unsatuiated 
group  similar  to  CO  m  addition  tv'  three  reactive  ('  H  bonds 
Thus  the  Aq  value  of  CHjCN  (12]  was  .ulopreJ  as  an  upper 
limit 
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veisus  (  ()  piessjiie  is  m\i!-»|ii.iili.iiK-  ( r j  425  and  (>0 
ns.  .ii  5  and  t>U  I  mi .  lespecliiclv  |  At  loss  pressmes. 
the  use  .iiu!  decay  cruses  can  be  lit  adcsUiatelv  wnh- 
oiit  a  bimoleculat  tcuii.  In  litune  the  use  ot  the  Iran- 
sient  sten.il.  As  is  essenti.il  at  25  Inn  and  dominant 
.those  45  Ion  1  he  excitation  conditions  venerate  a 
spatially  nihonioeeneoiis  svncentiation  of  emitlme 
species.  A  eoiisei|;ieiiee  is  that  no  simple  su  mb. arise 
i.in  be  .itt.iehe,)  to  the  absolute  value  ol  A.  s . 

4  _"\  I.Jt l  /’/  I  .VI 

In  ties  ?a  ,iik)  2b,  neithei  the  pioltacled  rise  not 
tall  ot  the  e : 1 1 - s ; . . 1 1  intensity  van  reflect  the  *ri:n  it 
l.istet  i!  'll.,  -a  'll  emission  kinetics.  (  dearly  there 
■lie  inteiineih.ite  slieniis.il  speeies  and  o:  ' : .i t e I s )  i ■  t 
excitation  pre.edmi:  (A  d  'll,,  lot  matron 

\!  tempts  to  Je  let  mine  ills’  dependence  at  I he  rates 
on  tiaernvnl  concentrations  thenee.  pais,  -cncn'i  sic • 
pcndcncc)  .lie  s-’mpionuscd  In  t!,e  iiou-spccrfisity  ot 
the  excitation  mechanism  topethei  with  tin.  tuations 
ot  the  1  .ice t  pulse  enetirv  .  Nevet  theless.  w  tth  sanation 
ot  the  excitation  eneiey  ovei  an  ade.j.iaic  ranee.  the 
eneiey  dependence  ot  emission  me  .uni  Jc.ay  times 
s.m  he  evaluate.!  .pi.ihl.br.rly  Sue!,  s unites  show  that 
hlehei  l.i se i  eneiex  favors  the  late  pioeesx.  .uni  the 
itsetime  of  the  late  process  is  tnsiepei.sleni  of  pulse 
enetjtv  from  ^4  t o  12  tnJ.  A  simple  kinetic  ue.ronent 
in  terms  of  exponertttal  trine  eonstants  is  not  .nhvpiate 
ti  describe  either  the  use  or  tire  decay  ot  the  late  pro- 
eess  However,  the  rale  of  use  is  rotiehp  proportional 
to  (  ()  pressure.  Die  duration  ot  emission  liomi'  -  o 
atni  limn  i '  ~  0  are  nor  pieatly  different  (tie.  2  I. 
winch  may  niecest  a  eommon  imennesh.ite  Hie 
U's.is  piotiles  aie  somplex.rhoiie.li  tlie  stuicture  ix 
snt'lle .  and  l hey  are  not  identical  for  t '  -  t>  .uni  r’  =  tl 
(tics  2s'  ami  2i!l.  I  he  shape  feat  tires  essentially  he- 
loiieme  to  the  decay  profile  are  insensitive  to  ptessure 
(it  must  he  recoeru/ed  that  the  pressure-dependent 
rale  of  rise  affects  to  some  extent  the  apparent  initial 
slope  of  tall ) 

As  mentioned  above,  the  noimal  Swan  d  ’ll 
populations  produced  tnunC-H,  and  other  simple 
eases  develop  upidly  .  and  they  aie  loiaii' mally  hot 
[o  .7.10.14  j .  w he  leas  Irom  CO  (he  (line  aver  aeed  C, 
spectra  are  rotationally  cold  |  ".] 0) .  I  his  sueeests 
that  lor  CO  in  the  present  study  the  early  ptosCss 
rriav  eerier, rte  rolation.illv  hot  normal  Swan  emission 
whlcli  is  mashed  on  a  time  aveuieed.  basis  in  a  much 
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We  have  rder. Dried  prompt  m  rissi.  ■  u.  m  sev.rji 
other  spcsics  the  ,r.  mils  v i  line  5  '  I’1  *  2  !  S 
( 24 “ >  rim  l.  'he  l  hue  5  - 1’  •  2  -S  (2S5.“  nr::).  a*  . 

tire  .I'omtc  oxv  ,ei  hues  5  '  I*  -  5  '  s  t  .5  •  m  I  ,m.i 
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sirovv  s  a  no: i  exp.  'ben rial  decay  ovei  O  'll  ns.  w i  .  ■ , 
the  radiative  hreume  is  only  2  >  ns  1 1 '  I  rius  :  res 
suie.vve  esttruate  the  toimation  s or. slant  or  r  -  'll 

7,  .  to  be  *2  "Otis  Consesiuenrly  .  it  is  "'.'.p.n-u;.  •  : 
C  5  1 1’"  to  he  dues lly  tespotisible  for  (  s  p-  : u. 
Similarly  .  nerihei  O  5  ]’  nor  5  '  1'  a:,  pi.o  : 

i  ole  tit  C  <  tot  nut  ion .:  he  ilecav  c  -  :  -  .r  -.  O  m 

a  I  25  i  on  llowevet.  tlie  veiy  am  .  a:  .:u. ,  ■  .■  v 

ionic  and  excites!  atomis  sy  sleni' ch  a:  lv  e:  ,;  !  .o./es 
the  extieme  nature  ol  (he  excitation  s  -  muit : ■  : ■ '  : . . 
duct  ton  ot  O  -'P  Horn  VOX  1  2.  *  u-,  mires  a;  i  , .  ■  s 
photons  at  2('t>  nm  (' 20  cV  i.  V  veu1  .  U  s  u  n 
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Much  of  t:.e  a;  j  a  rat  is  hat;  been  :t • :  j  r<*yiously  ’ 
puis.es  . 2t>t>  fir:,  2[>  oI‘  up  to  12  enor.y  wer-'  >i  fal:v-d  :y  .:  . 

anpl ;  hit-  i  singT’-pulso  output  fror:  an  active  i  arrive  no  i«>-lo'v.-- :  5  T 

system.  The  p;:oti  'Ip-::  Lug  pulse  was  foous<  • :  It;*.,  a  static  oar  h-  ah’ 

reprorentutive  bear.  il'ca  ter  of  f. If  re..  ss;  was  ■  IT  ■•••tot  ’hr 
window  and  diseersou  in  a  oj>. '■-.•.••rny-T,uir.'’r  .a  VarTc. 

ViM— 154?!  cposse  i~f lol  :  : 1  r. ru n; 1”. it  T  ior  't’<ipnj.ir«*  win  iov; ,  la  :  hntocath' ■ 
p ruv :  io  i  a  spectral  range  "C  ~  *H'0  tut,  ;ind  a  risetim.-  !'.1‘  ns.  ’avt  i-. 
acqu!  red  an  i  average i,  typical  ly  for  (-.4  laser’  pulses,  with  a  Teutror.ix 
digit  Lsi:v:  osc 11 Iosco;  o.  ".ho  r.et  risofire  of  the  iotoetior:  syster.  was 
Data.  wore  proees.se  t  'with  a  Tektronix  4  Oh?  computer  systm.  hr  1!  I'.'T 
also  was  available  for  acquis it  ion  of  tir/ -average  r  spoe’ru. 

hor  sieasuronents  of  mission  llfotir--s  :a.  ice  hii’ivr  t  Ltv-  r-so.  .*  ion, 
employed  an  Electrophotonics  Mo  iei  a  12  streak  oar.oru  eruirpo :  wi-h  -a:  .'-2 
Photochron  II  streak  tube.  The  Krylron  trigger  circuitry  was  nodi fie  i  re 
sweep  fitter.  Traces,  wore  recorded  t>y  a  Nuclear  I'&ta  via  iron  system 
to  a  iiicolet  minicomputer.  To  obtain  adequate  signal  levels,  color  .-lass 
wore  used  to  isolate  certain  molecular  bands.  For  temporal  r-‘f<  rorvo,  re 
hamonio  pulse  pairs  wort?  provided  via  a  second  pat!:  to  a  dipt  hurt  p  >rt  lot 
st real:  crane ra  entrance  slit,  ’..’ith  trie  sample  coil  at  atmospheric  prossur: 
first  [332  tin  pulse  was  brought  into  synchro.nlsr:  wit k  the  noar-lnstantaneo’ 
of  breaisiown  mission  produced  by  the  ?h 6  nr.  pulse.  Th<  second  [332  tin  pis 
delivered  with  a  delay  set  to  r>00  ps.  'Pie  streak  data  were  oorq-ufet'-ave.r 
improve  the  si^iai-to-noiso  of  tno  weak  ('mission,  because  of  trigger 
each  s treat:  trace  and  its  corresponding  reference  'were  store!  individual 
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1 1  l. 

Acetylene  at  pressures  1  -  It)  tort’  was  irradiate  1  un ■k,r  the  eon  iitlons 
described  altuv.  r!ht’  triplet  Cp  fwau  system  'H30-f>70ru'i'  was  by  far  ■  he  sir- 
component-  of  or.! ss ion.  Y»»ry  weal:  situ*,  lot  'p  or.!  ss,  loti  va:-  observe  i  in  th« •  *iul 
system  !  !t;.+  *  X •  f -+  ' I’ 30-7  do.::;'  art  i  in  ■  he  ! » *fi I-m  ires-i  ' Auanbufa  syst- 


A  1  ,  '  vt'-'llthr;'  ■  ‘  1. 


il30-nQO-ir:'  at: : 


3 Id. air:'  aiso  .;;i*o  >*y;  imt.  11. war  no  it-dssion  from  no)  <>—.;! -.r. 

:.;tu  these  "wo  :  Into-.; "■>!,  a.t*  -eniinaa  hav“  loon  observe i  in,  •  •* 


a  • ) 
4  -  »  1 


,  :uid  ror.tinua  have  toon,  f,v;i:  •  it, 


wi4:;  o-her  par-rfs  •  *'»*'  .  Nevertheless,  continuum  ••r.trrlon  wan  ahr.< •••;*•  >r 
minimal  in  ":.e  present  w- >r'.:  with  acetylene.  Monatomic  emission  war  1  ir.i4  e  i  i  a 


*  '  '•«'  -  *  *  > 


Xwi’.n  nr.',  !•  ( 0%.  3  a;-’,',  and  '+  (283.7  nr.'  . 


_r.ro, -ram  : 


intensity  for  each  case  war.  much  loss  U»ir.  for  tt.o  diatom! os. 

•\.  availed  ;*tUiiios  of  :'p  fwan  "and  Kmission 

Kij’ja’o  1  displays  typical  oscilloscope  waveforms  of  the  Ay  =  +  1  ewtot 
emission  obtained  from  5  torr  of  1  ii.  lus.trat  inn  similar  shapes  ,-it  two 

vibrational  ‘toads  and  arid  rotation.  Tho  riser,  iivs  aro  itirtr  tr.or,"  ii  iy  1  imi’-*?  i. 
These  curves  wore  obtained  at  relatively  hisj;  exaltation.  oner,':  .u,  17  .  : 

decay  beyond  80"  of  the  maximum,  they  accopt  exponential  fits  with  a  ‘  ir.o 
constant  t  =  *1$  ns.  A  plot  of  1  r  versus  acetylene  pressure  acrtv-rio  lam's  a 


straight  line  tiironj-.h  the  n.oro  pressure  intercept  )  r  =  ll'i  ns 


••v,, 


histories,  in  Fi{%  1  therefore  represent  the  residence  fine  of  in  iivi  iunl  ip  i  ’’ 
molecules  rather  tluui  the  d« 'struct  ion  of  some  lonpyp-lived  pit 'cursor  f’f.  in 
contrast  ref.  10).  Tho  slope  yields  an  estinat.e  of  tho  luenohine  roust.- in!  of 
Co  dJ’l,,  by  r2ll;),  ^  =  0.97  ‘  0.1  x  10“!n  on’  . 

Stre;il:  cvunoru  recording,  allowed  a  study  of  the  rise  of  .’war,  emission,  w i 4  ‘ . 
greatly  extended  time  resolution,  finer  there  was  essential ly  no  ini  offer i n,- 


:  c  >V( 


of  t'xc  L  tut  ion,  the-  early  siifnal 


love-  o{  excitation,  the  early  sijfnal  associate  i  with  ‘no 
isotope  1  ’  '  M  ’  ir.  relatively  small;  i.o.  the  prorpt  proiuet  ''2  Inry-l, 
oort’er.jxxi.ir  to  t.he  isotopic  parent;;  . 

Pi.juv  4  displays,  for  the  equal  mixture  of  par-rde. ,  the  four  ear 
and  tint?  interval,  "ho  progression  eh  curves  fro:-.  1  •vw-onetyy.-  early  * 
hirji-onor,.-/.  late  confirms  the  prospt  .  anise I-  ■  ; 1  nr'  process  asserted  a. 
i  Llustratos  also  a  delayed  .'.eollisional'  process  1::  which  the  isotopes 
Scrambled. 

In  Fifj.uv  5  tiiir.  point  lr  developed  in  .'router  ietnil,  by  further 
manipulation  of  waveforms  {.lata  obtained  at  5  torn,  with  ca.  If  r/  era- 
primary  waveform  at  the  wavelength  of  the  1 band  hoai,  47-1.5  it-, 
i-’in;.  5),  is  not  a  direct  history  of  the  scrambling  process;  rotation  a 
the  1  \'2  band  head  at  475-3  nn  underlies  th.e  :  1 '  1  .nr.  1  head,  an  i  ih 

acetylene  is  not  altogether  pure.  However,  we  have  iov- hope :  a  [  rose; 
effectively  to  strip  out  the  latter1  enri'ono.ntr.  of  si.-;nul,  omployirv 
4 7'4 . 5  nn  and  4 75- 3  hi:;  from  the  heavy-isotope  material  to  establish  the 
signal  at  474.5  r.;t  tae  these  components,  furve  c  in  tire  fi,-;re  she 
represent.  the  eollislonul  production  of  :  1  V  due  to  the  point  ;  r- -s< 

rfop-'s.  ‘./{V.-fonrs;  such  as  _o  wore  consist. -:f  ly  r-  ;r 
.'athi're  i  an.d  analysed  for  8  torr  an;  7 . 1 '  ‘  f  a 
was  four.  1  *•'  iecr--a;;e  with  irwreas in,'  :  t 

to  trie  pu.co  ener.-y ;  if  is  '■  .earay  •  •  • 

is  control  <■  !  by  roll  Is  Ions,  of  a  prv  '.urn-  <r  wi‘  a  :ar--f. 

hat.  th'.  ■  00 1 1!  s.  Iona  .  pt’oci  s  ncc  .a1--;  r 


•n‘t.*rf.  ac 

etyl  one 

’art;  lata 

also  v/i 

;he  j-.rowi 

tin- in  ti 

ml  f  oral;/ 

inset  is ; 

*  L  1  4  •  •  i.7/  * 

is  cont.i 

■  ,  v !( 

ave  not. 

*  r  u  • 

rp.ies  ;• 

;  .3  >*.«  it  1 1-  ‘*t 
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the  eollisional  formation  ir.  most  prominent,  a  11- tine  Integrals  wore 
constructed  of  the  excess  1  -V  ‘  i”  sUrxvil  'Fig.  6,  curve  c)  and  or  the  •  '  g,  s  1.?. 
The  ratio  (potential Ly  2:1'  was  round  to  he  1.1:1,  corresponding  to  ?C>  or  toft 
To  produce  i  in  the  eollisional  process  at  thin  relatively  hi,*};  pul sf>-onerg/  1".' 

Tile  participation  of’  two  processes  vne rating  rp  pronpt  '  a  nine  lee  Pa 

and  delayed  (intomoleeuiar' ,  is  regarded  as  establishes  It  aas  long  been 
recofyni::ed  that  under  many  conditions  Pw.-ci  emission  exhibits  h!gn  levels  s.f 
rotational  excitation  -6,9,1  J  •  Thus  it  is  interesting  to  oon;n  j  -  *  r  t:.e 
possibility  of  distinct  decrees  of’  rotational  or  of  vibrational  excitation 

x 

prompt  and  delayed  processes  generating  Cp‘  .  This  question  is  aiir'sse:  in 
Fig.  6,  where  the  data  benefit  from  enhancement  of  the  sLtnal-to-noiso  :>-gin 
inlierent  in  integral  spectra.  There  is:  no  indication  of  distinct  v-yels  of 
vibrational  excitation;  !  ;t  tiie  data  points  below  F73«9  r:r.,  associate5,  wit':, 
rotational  excitation,  are  uniformly  higher  for  the  late-torn  integrals. 

Ouant Itat tvely ,  Tie  sigial-ani  1-rotation  relative  to  that  at  the  band  beau  is  1 
greater  for  the  late  time  interval.  This,  no  font  onhano,jnent  of  rotational 
excitation  for  trie  interne locular  process  proved  to  be  paite  reproducible.  The 
vidicon  is.  incajiable  of  gating  at.  a  spo*-:  anrmpr iat« ■  for  investing ion  of  this 
issue  by  temporal  separation,  -iowvfr,  a  speatr-r.  ;g  yg  r.orr  shows  •;<•»•<•  rota*; 
titan  one  at  5  torr;  tills  is  consist  err  wit.n  relative  '’nh-tneonefp-  of  trie 
eollisional  process  at  the  higher  pr’sswr",  and  with  a  high* a*  ioy,>i  of  ass. via* 
rotation  for  the  late  eollisional  pr* >re:v.  1>:  a  r*'la‘  •>  j  :••*  ;  iy  f  «•<.:.;: '.*'?>•••  with 

10.6  u  pulses  of  250  ns  iu  ration  ^  ‘  ,  a  i* •: . • 

vibrational  as  well  as  ft .r  rota4  !  >nn'.  ,,.*  *  *  frag , -nts. 

"his.*;  Ion  asso.-Iat.i*  i  wit:,  h;o>.  ’.*■■.•■•'..•>  ■  >f  r*  >t  a*  b  **.  d 

flue  Of  each  ban  u-'.'-a  i  wri-'S  ’»*  •  . -.  tv  in  we  *.  rp-.p.  • 

obtain* J  at  ■V,'-’.  >  w the  lp  t  a::  i  :  *•  1 an  !  a*  at  g.s  a-.',  i  rot:-.'  h  - 
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■ ;  ■<  ■  was  ihserv-  *  i  P  >r 


1  w- 


J 


assoc i.'it.t’.s  with  the  entire  Av  =  +1  aeries.  'Ihe  appur -nt  protracted  fors. 
rotational  1”  hot  ’p  reflects  a  larper  fractional  ■■ontrlbution  of  tne  on 
process,  corroborating  the  inference  fron  Kir.  <•  (cf.  also  Kij*.  5,  eurv“ 
a.  Co  finr.let  birds:;  ion 

Co  possesses  a  corplex  structure  of  electronic  state:; ,  incluitnr  s.L 

r  I  i.  1 

quintets  as  well  as  triplet::  .Vvera.  rysterir  of  oraission  ar° 

anonp  triplet  state:;  an  i  >n>:  a  In, 'lets .  The  system;  cin.  -  As 1 
10,0  at  335.2  nr.  an:  !  -  ?.  *  0,0  at  231-3  tin'  were  ohsorv*-  i,  ;t 

intej',rat«si  intensity  f a*  each,  was  •.  1  <7“ ?  of  that  in  the  fwan  system  7!. 
sif7iai  appears,  wit.uin  a  tine  loss  tlian  the  instrumental  Hr  .it  of  Cm  r.s. 
a  delay  for  the  rvtxinm  of  D1/l-,+  signal,  which  s  roosts  a  collisional  f  t 
neehanis:-;.  Mach  sirjial  decays  to  30>  of  naxlnur.  within  25  ns. 

[■  n-1 

It  is,  particularly  interesting  that  'iedonald  et  al.  - '  ■>,  paotolysin 
(30  ntocr'  with  an  ArK  laser  at  193  an,  reported  the  Phi i lips  systes: 

(A1  Iu  ■*  Yc  v+,  with  3,0  at  771-5  nr;  and  2,0  at  575.1  nr:'  to  be  oa.  H>-  s 
than  the  fwan  r.ystor:.  we  did  not  detect  ‘‘he  Phillips  syst-'i:;;  a  earef  ;1 
only  to  an  upper  bound  on  the  intensity  of  such  emission.  A  thorough  '  r- 
involve:;  several  considerations:  t.ne  A 1  nu  orals,:; ion  rate  'snail',  the  so 
sensitivity  of  detection  (  relatively  fiat),  an  1  t.-ie  . J. »t-.- > i. i vi ’-t hr- -:;h< '  1 
(pertaining  in  our  worn  to  instantaneous  rather  than  *o  tiro ‘-am  ran ■  i  si. 
The  finding  is,  that  the  initial  A*du  population  is  no  :rrt:  v : w ui  6  x  1,.>“ 
d*!!,.  population;  i.e.  the  rolat  ive  Phillips  p<  pulatlon  is  '•  5  x  It*-"  of 
in  the  Art-’  wort;. 

2.  CM  lids,:; ion 

In  less  ex  ten: '.ive  studies,  the  rise  of  -ril  ss  ion  In  the  hi  i\  Ian: 
(0,0  at  431-3  nri)  was,  found  to  contain  two  roepunents.  At  1  tons  I  her- 
prompt  rise  to  60  1  of  the  peal:  si.- nan; ;  1  further  lnerea:;e  o  •curs  wivdn 


is 


apptvx irately  10  ns.  dhe  :'ocon>iai\v  '.Variation  [imw;;::!  shows.  a  :<*finlte  nr.-ssiu-' 
dependence.  'ini.'-.uiocuiar  and  InteiTiOleeuLur  processes  are  ;r:pl’e  i  in  OH  //i. 
formation,  a it bourn  wo*  i o  not  !viv> .*  supportive  information  Cron  label*’  i  isotope;:. 
T!u*  curves  accept  exponential  decay  v/i  th  characteristic  tiros  of  20  ns  at  5  torn 
and  70  ns  at:  1  torr,  corresponding  to  iip,  =  2.8  *  0.5  x  Iff1  n  cm*  g_1 . 

The  integrated  intensity  of  the  OH  2  ban. 3  •' 0,0  at  31-d.d  nr.',  is  similar  to 
that  of  the  A  band.  However,  only  a  pronpt  component  of  formation  is  observe.;!. 

At  5  torr  the  emission  decays  to  3 Of  of  the  peal:  -within  or.  15  ns.  In  contrast 
with  the  observation  of  .Jackson  et  al.  no  emission  was  observed  in  the 

P  band  (0,0  at  388. 9nn)  ;  the  integrated  intensity  was  not  greater  than  5‘”  of  tha' 


for  the  A  band 


I 


•  iie.sociat  ive  cn:mne.s  M  not  lor;  in  s  recooi:  “.'.or-. 


.see,  however,  the  iiscussion  of  coliislonal  ;  r 


?.  further  ilxcitat  Ion  o:' 


The  prinarv  tWvv-.sue.r.iT;  •’  el  initiation  fr'T. 


H  atom  recoil  and  the  internal  onor.-y  of  t:>  ' 


>.xoitaf.ion.  hogar  iless  of  the  eneivy  ,‘onten4 


absorption  of  two  additional  yuurta  in  re.:/. ;!:•••  •  • 


vCjH  ■*  '-2  *  T-  v*  Ter  weal  mol  •  . 


rju;inta  (dpi:  ♦  dp 


gas-phase  photolysis  product  if  "pop  inroad,  d  a. >rvat  'o 


•  roo" 

gas  matrix  at  -4  K  In  a  deoret leal  analysis. 


tt  ■*■  it  excitation  to  a  specific  acetylene  :  rocursor  sin* 


CpH  3 2 A'  and  2‘wV.  Tho  expect'd  (0,0'  excitable 


a'.oi-.'".'  :  s 


less,  very  close  to  the  valence  states  postulate;  hy  ’..’iLrinson  vane  air 


>  r  a  n"1  r  i  1 

it  excitation.' .  Absorption  j  and  omission  .  of  - were  tread' 


extensive  ah  initio  calculations,  rlxoitation  of  'hi  v.  fi  e  nr.  is  sum 


through  ir  ♦  n~  transitions,  al though  the  nasdiment  is  not  ro’^lete  in. 


Additional  resonant  absorption  leading  to  further  fra^'ientat ion  i.e. 


is  then  probable.  In  successive  !!  eliminations.,  if  dissociation  ore  a 


singlet  fpiip,  then  doublet  dpi!  h.as  the  appropriate  spin  to  account  for 


Swcin  emission;  but  triplet  dpHp  would  allow  either  doublet,  or  uunr* o* 


r  o  u  ,  -1 

In  other  studies,  of  neet  ylono  photolysis  l '  •  ■  broad  s‘ r  ;r‘ 


continua,  tentatively  ascribed  to  d->!?*  or  to  f ,  n:ro  •  be.  a:  o',  ser 


absorption  and  in  •'mission.  Tlie  Pont  geometry  of  the  upper 


C'.l'  \  j 

.!i  nraneniup  otner  tmin  to  e  j.ap" 

~H,y  pt'oaeo.i  : 

.‘rot.  a  vibrational  V  exeit:  p* 

m::  i  oV-i 
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thank  hr.  ii..T.  1-Viobolo  Tor  valuable  cooporativ-' 
necessary  interface  between  the  Nuclear  Hat  a  vi  iieon 
streak  c;inera  and  the  Nicolet  ninieoiput'-r  .'.yst‘*r.  errlo;. 
data.  Tills  work  lias  keen  supported  in  part  :  y  ‘  he  ‘.''kit 


effort  In  anhiov 
which  servlc.?( 
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of  Naval  l-csoor 
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'hen 


! * -:.i< >. : :  in,  then.  !hyr.  11,  3^9  (197*3 

1 1 1 .  '  *  t '  ■" if b  1  t\  •  ■ .  •  I V  Li 1  > .  ,  t f  .  .h  t  y  >  >  • 


T  --V  ......  :Tj,  310  (  r»7b'  . 


t>  that  71 unrvaiienee  ir,  not  ot*  linarlly  observe  i  i*ron  acetyl  en« 
h  'i  ri-noj't  for  acetylene  in  ;m  Inert  Mar  riatrlx:  T..  K.  !Vuc, 

Mol.  Speett*.  7‘3,  <14*3  (.1979) • 


hVanr.,  H.  ijchops,  A.  Mice,  and  i:.  Si.'*  Her,  :,hrn 

>  (1 973'. 
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EARLY  INTERVAL  LATE  INTERVAL 


Figure  1 

Comparison  of  temporal  profiles  for  Co  Swan  emission  at  hand  heads  and  mid 
rotation;  averages  of  b4  poises. 

The  curves  have  been  sealed  to  equal  peak  heights. 

S  torr  of  1 ?^2^1 J  same  total  pressure  pertains  for  each  figure, 

uv  pulse  energy  ca.  12  m J . 
a)  (1,0)  band  head  at  4 7 '3. 9  nm. 

h)  Rotation  associated  with  the  (1,0)  head,  at  472.7  nm. 
c)  (2,1)  head  at  471.7  nm. 
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WAVELENGTH  (nm) 

'•'if'ul'i;  5 

Spectra  of  early  emission  (first  S  11s;  see  I'i,.;,  1)  in  tin*  "■  >  ‘.v  =  +1  Iw.vi 
series;  uv  pulse  energy  ea.  1 . a  hi  J . 

Curves  for  isotop  io.al  ly-dist  inct  parent  acetylenes,  ami  f  >r  a  1:1  mixture  of 

1  "  c2m2  a,ul  ‘  1  Co H )  • 


The  notations  HH,  111,,  and  1,1,  attached  to  band  heads  refer  to  heavy  and  t>  1  i  ;lu 
isotopes  of  carbon. 


EARLY 


WAVELENGTH  (nm) 


Figure  4 

Spectra  of  Swan  omission  (Av  =  +1)  within  early  ami  within  Into  interval 
time  (sen  Ki>».  1);  curves  for  uv  pulse  energies  oa.  ’.5  nut  a;ui  oa.  11  m.l 

1:1  1  C)H_:  ‘  mixture. 


I 


(3,2)  (2,1)  (1,0) 

HH  LL  HL  HH  LL  HL  HH 


472  473  474  475  476 

WAVELENGTH  (nm) 


O  mji.i  r  i  -<1  hi  of  .•  i  !>r  it  ion.-i  1  1  rot.il  f  ->n.i  I  .1  i  -U  r  i  hut  i  ous  !'  >r  >•  ir  1  v  i:nl  It! 
[to  j)ii  1  At  i  ')'is  ,  .'.v  -  f !  sorios;  ;iv  pulso  e  lor  .v  ,'.i.  i’  ;i.l , 
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Comparison  of  temporal  profiles  for  C>  Swan  emission  amid  states  of  hind 
rotation  and  at  a  band  head. 


The  curves  nave  been  scaled  to  a  common  lite-teri  si. -trial  level. 


1 


a)  -173.9  run,  the  (1,0)  band  head 

b)  4b 3.8  inn,  hot  rotation. 


c2h+h 


r  <[1.6  ps 


CH*+CH 


hl/266 

c2h2 

Figure  8 

Schematic  of  preferred  channels  of  "  *  ■**  excitation  (vertical  arrjws), 
intramolecular  relaxation  (wavy  arrow),  and  unlmolecular  fragmentation  (dashed 
arrows)  for  photolysis  of  by  266  nm  2S  ps  pulses. 
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P i t'Dseo  >m!  !!V  Photolysis  and  Laser  Induced  Fluorescence 


Probing  ot'  Gas-Phase  N'itromethane* 
by 

P.  K.  Sclitvi,  M.  I.  Marrone,  I.  M.  Schmir,  and  h.  S.  Goldberg 


ABSTRACT 

in  a  dual -beam  picosecond  experinent,  we  have  performed  !.'V  photolysis 
of  gas-phase  ni  t  reinethane  and  have  monitored  the  subsequent  evolution  of  the 
N0>  fragment  population  by  laser  induced  fluorescence.  The  NOa  radicals  are 
formed  promptly,  within  tlie  -  5  ps  pulse  resolution  of  the  experiment.  Their 
population  remai  is  roughly  constant  for  a  probe  deLay  time  extending  to  20  ns. 
The  fluorescence  intensity  depends  linearly  upon  both  the  photolyzing  and  c lie 
527  am  probe  pulse  energies.  The  photolyzing  264  na  pulse  itself  generates 
some  ?h  in  an  excited  fluorescing  state. 


*  A  preliminary  account  >f  this  work  was  presented  at  the  Xth  Internat ional 
Conference  on  Photochemistry,  The  University  of  Iraklion,  Crete,  Greece, 
6-12  September  1981;  M.  I.  Mar  rone,  P.  K.  Schoen,  h.  S.  Goldberg, 

R.  G.  Weiss,  I.  M,  Schmir  md  W.  L.  Faust. 


The  UV  photolysis  of  nitromethane  has  been  studied  extensively  for  many 
years  [1-9],  A  number  of  authors  have  inferred,  generally  on  the  basis  of 
chemical  analysis  of  final  products,  that  the  primary  photodissociation 
process  leads  to  formation  of  the  free  radicals  CHq  and  NO 2-  However,  iden¬ 
tification  of  these  fragments  lias  been  difficult  because  of  their  high 
reactivity.  The  first  direct  evidence  for  their  presence  among  the  photolysis 
products  of  nitromethane  was  provided  by  the  electron  paramagnetic  resonance 
experiments  of  Bielski  and  Timmons  [3J.  Colies  et  al.  utilized  opto-acoustic 
detection  to  provide  the  first  spectral  identification  of  the  NO?  fragment 
from  continuous  photolysis  of  nitromethane  [7j.  More  recently,  laser  tech¬ 
niques  using  UV  18,-'  and  multiphoton  Ik  (10,11)  excitation  have  led  to  the 
generation  and  detection  of  the  .'JO?  fragment.  In  the  case  of  UV  laser 
photolysis  in  the  gas  phase,  Spears  and  Brugge  observed  vibrational Iv  excited 
NO?  fragments  by  means  of  laser  induced  fluorescence  (LIF)  on  a  microsecond 
time  scale  [8).  However,  experiments  by  Kwok,  et  al.,  employing  nano-second 
laser  photolysis  and  miss  spect roscopic  fragment  detection  techniques  observed 
no  phot odecompos i t i on  products  (12). 

in  this  letter,  we  report  the  first  direct  observation  on  a  picosecond 
time  scale  of  fragment  formation  in  the  UV  photolysis  of  gas-phase  nitro- 
meth.ne.  ’’siig  .1  dual-beam  experiment  with  LLF  probing,  we  have  determined 
that  '»<>>  fragments,  identified  from  their  fluorescence  spectrum  and  quenching 
kinetics,  are  generated  nrxnptly  by  the  l’V  excitation,  within  the  8  ps  pul se 
resolution  of  the  experiment. 

This  supports  assignment  of  the  observed  reaction  as: 
h  v 

CHjN'Oy  *  Oij  +  V{>2  (I) 


Experiment 


Our  nit rome thane  samples  were  obtained  tram  Baker  reagent  grade  material, 
which  we  distilled  under  nitrogen,  collecting  the  middle  fraction,  b.p.  I'M  - 
Individual  samples  were  degassed  by  several  freeze./  thaw-vacuum  pumping 
cycles.  Samples  of  ).l  to  -  1.0  Torr  pressure  were  loaded  into  a  11  cm  diameter 
stainless  steel  cell  whose  interior  walls  had  been  coated  with  black  Teflon  to 
reduce  scattered  light.  The  entrance  and  exit  cell  windows  were  of  lithium 
fluoride,  and  internal  baffling  was  provided  to  prevent  window  fluorescence 
induced  by  the  laser  pulses  from  reaching  the  photodetector .  bight  emitted  at 
from  the  laser  path  was  collected  by  a  lens  and  focused  through  long- 
wavelength-pass  color  filters  onto  a  slit  in  front  of  an  EMI  9*>58  phototube. 

The  tube  had  an  S— 12' 1  photocathode  (red  sensitive  to  9f>')  nm)  md  a  [Hilse 
response  (FW1IM)  of  20  ns.  The  signal  was  processed  by  a  Tektronix  7912AD 
digitizing  oscilloscope  coupled  to  a  Tektronix  4012  computer  for  time  integra¬ 
tion  of  waveforms,  and  for  data  manipulation  and  storage . 

The  laser  was  a  passively  mode-locked  ‘Id :  phosphate  glass  oscillator' 
amplifier  system  [13]  which  generated  1014  nn  single  pulses  typically  of  1  ps 
duration  and  ca.  11  nd  energy  at  a  repetition  rate  of  1/5  Hz.  The  Ik  pulse  was 
f requencv-doubled  twice  to  give  a  photolyzing  11V  pulse  energy  of  up  to  1  nd  at 
1b 4  nm.  The  residual  [R  pulse  energy  was  separated  from  the  direct  laser  path 
by  a  beam  splitter  and  was  f requencv-doubled  i  idependent 1 y ,  to  give  a  probe 
pulse  of  up  to  10  md  at  127  nm.  The  probe  pulse  was  directed  along  an  optical 
delay  line,  and  subsequently  recombined  co-axiallv  with  the  photolyzing  pulse. 
Both  pulses  were  then  sent  into  the  sample  cell  without  focusing,  giving  a 
photolyzing  beam  diameter  of  4  mm.  I’ulse  energies  wore  recorded  on  each  shot, 
and  were  used  to  normalize  the  observed  sample  f luorescence  data.  The  temporal 
and  spectral  quality  of  the  pulses  wore  monitored  as  the  experiment 


'.1 


prog ressoJ  by  a  two-photon  f  1  uoresceuce  eel  l/vi.li  .•••n  u  id  bv  i  •>.« 
spec t  rogr  uph,  Ret  icon  .irrav. 

The  zero  time  delay  between  the  t,’V  and  probe  pulses  was  te  rm  i  ned  by  j 
photobleachlng  measurement  in  which  the  two  pulses  were  focused  into  a  thin 
cell  filled  with  rhodomine  f>  (’,  dvo  solution.  The  U V  pulse  iiopi>pulated  the 
dye  ground  state  sufficiently  that  a  weak  probe  pulse  arriving  after  the  ”V 
pulse  was  transmitted. 

Results 

Figure  1  shows  two  reprvsi  ltuti.’e  traces  -.f  f  luorescence  i  nt  i  f  v  >.  ••rs 
time,  averaged  over  8  laser  shots,  for  a  ti  trome thane  pressure  of  ;.  . 

The  lower  trace  shows  the  f  luorescence  signal  for  the  TV  phot<<ly?.i  ;  pui  ;e 
alone.  The  upper  trace  was  generated  by  a  "V  pul  s<;  plus  a  a.!  7  nnt  pr  iIk  palse 
delayed  by  201)  ps.  A  probe  pulse  alone  produced  virtually  no  signal  either 
initially  or  after  hundreds  of  "V  shots  into  the  cell.  The  emission  :  r.  lie. 
was  filtered  by  a  Corning  2-7*3  filter,  which  transmits  wavelengths  longer 
than  -  5h0  nn.  While  the  TV  pulse  itself  obvious  lv  produces  a  f  luoresc  i  ng, 
fragment,  input  of  the  527  nn  pulse  has  increased  the  fluorescence  intensity 
roughly  3-fold.  The  observed  fluorescence  has  a  rise. time  that  is  phitotuhe- 
limited;  Its  decay  shows  a  single  exponential  fall  time  which  is  strongly 
dependent  on  gas  pressure.  The  decay  tine  for  the  nv-only  case  is  roughly  th 
same  as  that  for  HV  +  probe.  The  integrated  fluorescence  intensity  reaches  a 

maximum  at  about  10  forr.  of  n  i  t  romethane ,  but  the  <|ue:ich  i  ng  rate-  it  this 

pressure  is  too  fast  to  be  resolved  with  our  phototube. 

The  collision  free  (  1  m  Torr)  lifetime  reported  tor  NO  >  l  luorescence 

approximately  Vj  Msec  [  !  u  j  .  \t  our  lowest  nitrone!  :u.;ue  pressure  of 
■  100  mTorr  observe  a  decay  t  i  iitr  of  i.n  in  i  c  roseoou.i  s  .  The  emissi  >n  i  •-  '  on- 

rapidly  quenched  at  still  uigher  piessure;  at  2..-  Torr  the  nee  iv  i  >v  is 

70ns.  A  S t e ru-Vo  1  me r  plot  of  decay  l  utes  versus  pressure  is  i  inear  vr 


INTEGRATED  FLUORESCENCE  INTENSITY 


PROBE  DELAY/  psec 


1  1  "  '  1  uorcsconce  Iron  phot  o  1  v/ei!  n  i  l  ronr  1 t  nnc  a  t  rt  nicssiin  o' 

Inver  i  race  sliovs  .-mission  r.-sii !  I  i  m-  I  rov  a  single  :>  os.--  :,uk, 
liulil  ;  upper  trace  shows  emission  produced  h\  P'-  irra-liat  ioi-  tol  i  ov< 
’0f|  psec  del, tv  hv  .i  V’7  n:n  prohe  pulse.  Isis-n'oi-  is  i  ,•  |  '  «-rei‘  i  •«  -o! 
v  i  t  f t  a  t  o  r  n  i  tu-,  **  7  t  1  i  1  t  e r  v!  *  i  ci  -  transmits  va  ve  !  e ns  ( ! -  s  s  * i , 1 1 


the  pressure  range  of  our  experiment,  indicating  the  collision-free  lifetime  of 


the  emitting  species  i  .  long.  This  is  qualitatively  consistent  with  the  known 
quenching  behavior  of  NOo  in  various  gases  [15]. 

Although  the  fluorescence  signal  intensity  was  too  weak,  to  yield  a 
spectrum,  use  of  a  sequence  of  long-wavelength-pass  filters  indicated  that  in 
the  region  from  the  probe  wavelength  to  -  750  nm  the  probe-induced  emission  was 
broad  and  featureless.  No  significant  emission  signal  was  observed  on  the 
antistokes  side  of  the  probe  wavelength.  Thus  the  spectral  characteristics  and 
long  lifetime  of  tue  emitting  species  are  clearly  consistent  with  NO?. 

We  performed  a  series  of  experiments  to  determine  the  power-law  depend¬ 
ence  of  the  fluorescence.  Fig.  2  shows  a  log-log  plot  of  the  time-integrated 
f Luorescence  intensity  as  a  function  of  1'V  pulse  energy,  for  individual  1  iser 
shots.  The  lower  curve  shows  the  i!V  +■  probe  induced  f  Luorescence ,  noraalized 
by  probe  pulse  energy.  The  upper  curve  shows  UV-only  induced  fluorescence. 

Both  curves  exhibit  a  unit  slope  extending  over  almost  l  decades  in  "V  energy. 
Indicating  an  effect  Linear  in  esc i tat  ion  pulse  energy.  Since  the  tnargv  ?f 
the  photolyzing  photon  Is  -  5.7  ev  and  ON  bond  cleavage  requites  ?.,'■>  ev  [17] 
the  excess  energy  for  single  I'Y  photon  i educed  photolysis  should  yield 
f  luorescence  only  a-  wave  1  eng  t  hs  longer  than  57  .  am.  This  agrees  wit'1  >ur 
observat ions . 

•\  varitble  time  del  ay  was  Introduced  between  t  he  :T  rnd  probe  -guises  :  i 
deter-ni  tv  whether  ‘her  •  was  a  measurable  indue:  ion  ferine  hot  n  it  ;  ■  e 
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seats  Che  time-integrated  fluorescence  intensity  averaged  over  ten  laser  shuts 
and  normalized  to  the  I'V  and  probe  pulse  energies.  The  non-zero  fluorescence 
signal  for  negative  delay  times  represents  the  effect  of  the  I'V  pulse  alone. 

We  have  estimated  the  quantum  yield  for  formation  of  \'0>  in  our  experi¬ 
ment  to  be  on  the  order  of  1 'i .  This  is  the  equivalent  of  1  .iTorr  >f  \(>> 
pi  ■  hired  in  the  laser  beam.  The  calculation  assumes  unity  quantum  efficient  v 
for  iluorescent  re-emission  of  absorbed  *>27  nm  quanta  by  uuqucncltcd  *,'■  >  i .  .  in  1  y 
about  r’.  of  the  excited  NO 2  molecules  radiate  before  they  are  colllsionai  ly 
quenched  at  ttiese  pressures  of  ni  t  rome thane  . 

Discussion 

In  most  early  photolysis  experiments  on  ni t romethane  the  final  products 
were  determined  by  chemical  analysis,  in  which  case  a  large  number  >f  second¬ 
ary  products  were  found,  including  OHqONO,  OHg),  CH3NO,  N't),  and  h'nO  [4,6,12!. 
This,  and  the  dependence  of  the  relative  quantum  yield  of  methyl  nitrate  [2| 
upon  tlie  exciting  bV  wavelengtli  led  to  the  suggestion  that  there  are  other 
primary  photolysis  processes  besides  (I),  specifically:  [bj 

ho  0 

CH3NO2  -  CH2  =  M  ‘  CHu>  +  M01I  (III 

Oil 

and 

h  j 

CH3NO2  ‘  CH 3 NO  +  0  (III) 

Rebbert  and  SLagg  [2]  suggested  tiiat  more  than  one  excited  state  of 
:i  1 1 rome thane  was  involved  in  its  decomposition,  and  Honda  ot  al.  (6|  and 
Flicker  et  al,  [18[  have  supported  this  idea. 

Three  excited  states  of  nitromethane  have  been  ox per  hncnt.i  l 1 y  identified 
aid  connected  with  its  photolysis.  Two  are  observed  in  the  optical  absorption 
spectrum  (  1 8-20 1  :  i  siroug  feature  it  14o  nm  assigned  to  a  •  *  transi¬ 

tion,  and  a  weak  satel  lite  it  2  hi  I  1111  suggested  to  be  1 . 1  n  *  •*,  singlet  - 

.7 


singlet  excitation.  A  third,  still  lower  energy  state  lias  been  found  by 
electron  energy-loss  spectroscopy  l 1 8 i  at  -  326  nm,  which  the  authors  suggest 
has  n  *•  tt*,  singlet-triplet  character,  but  which  may  be  a  composite  of 
overlapping  transitions  of  different  character.  Theoretical  calculations 
indicate  that  other  transitions  may  exist  in  this  energy  region  [21-24],  but 
they  have  not  been  identified  experimentally. 

Most  investigators  have  supported  process  (I)  as  the  main  primary 
photolysis  channel  for  nitromethane  [ l  —  5 1  .  Flicker  et  al.  [18]  and  Honda  et 
al.  [6[  suggest  that  the  lower  energy  transition  to  the  triplet  state  at 
-  326  nm  addresses  process  (I)  particulirly  while  the  singlet-singlet 
excitation  near  260  nm  induces  reaction  (II). 

Both  the  experiment  of  Spears  and  Brugge  [8]  and  our  experiment  used 
photolyzing  wavelengths  in  the  vicinity  of  the  260  nm  transition  and  both 
observed  the  formation  of  some  NOo .  However,  considering  the  low  quantum  yield 
estimated  for  NOo  formation  in  our  experiment ,  tin*  possibility  of  other  decay 
channels  cannot  he  excluded. 

Summary 

We  have  studied  photolysis  of  nitromethane  gas  at  pressures  of  \  3  Torr . 
The  photolyzing  26a  nm  pulse  Itself  produces  some  N’u>  ii  an  excited  fluoresc¬ 
ing  state.  haser-induced-f luorescence  probing  using  a  time  del  iy-ul  second- 
harmonic  pulse  reveals  formation  of  a  ground  state  NOo  population  in  6  nsec, 
which  remains  roughly  constant  for  probe  delay  times  extendi  lg  to  ns. 

■\n  estimate  of  quantum  yield  for  the  phctodecompos  i  t  ion  appears  to  ho  ruher 
low  (-  l’O  at  this  photolyzing  wavelength. 

The  observed  fluorescence  intensity  scales  linearly  with  8Y  pulse 
energy.  The  I. IF  signal  which  monitors  ground  st  tto  MO >  is  also  linear  i  i  both 
(IV  and  probe  pulse  energies. 
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vri*  t  '-'"ws  it  i  r  of  the  i;.|:  YA<:  laser  The 

- 1  • :  i  •.;»••.!  i  1  l.it  .ir,  r>  t  f  nr  .it  ,i  1  !!.■  r.  p.-t  i  M  •  n  rat.-, 

il  a  hvbrtil  •  .!•  ’-if  i  -v  .i;>:-r.i  uh  to  pr.iviiie  t<.* 
i  ihle  pu  1  Sf  - 1  r.t  i  n  .'encr  it  i  on. 
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of  t  h«*  l 


It  utilis'd  an  .it't  1\t  aooust».-op  Mr  ’o--.<;  r  •  ,n!.ifor  (  r\i;i \  t  r<  >n  f  y  ) 
and  .1  passive  saturaMi*  a  hsi.  rv>  f  np  <lv«*  f  T  i*:  t  •■■.an  Aq7^r0  in  a  flow 
re  11,  7‘be  single  10^4  t  im  pulse,  switched  f  r  -m  near  t  ■  e  peak  f 
t  ho  train,  had  ca,  0,4  nd  enerpv  and  tvpirallv  7n  ps  durut  1  on . 
Two  st.ip.es  of  ampl  1  f  i  cat  i  on ,  apm|{,Mr  Ion,  and  spatial  filter!  nr  of 
t  ho  hr  an  provided  a  h  f  ph-spa  t  1  a  1  -qua  1  f  t  v  IK  pulse  of  7  1  -4"  -  ? 
enerpv.  Efficient  frequency  douhlim*.  and  r-  h  -.Miny  in  F!'*c 
c  rv*.  faN  p«-  n«-  ra  f  od  a  4»h  ha  *oi  c  (i'hf>  ■■  >  ;  hot  . . v  /  !  no  ni’,  s-  .  .f  up 
to  10  md  enerpv.  Tho  l.-ser  '•••  was  f.  cooed  ♦  •  '  a  1  r  :  ■  r 

diameter  In  a  static  pas  cell  (r\.  |:V-  cm)  vr.-i/h  a  ’  i 1 

w  i  ndow.  Tho  emitted  Tipht  r.*;  t  ed  f  r,>m  i  nd  *  v  \  dua  1  1 >  .  r 

was  c.dln'iod  at  rl  pht.  moles  and.  ‘  .used  it  to  a  -t 

rMiiui-hrnn.it  ur  cmipled  to  a  Nuclear  *  »ta  NPJOO  f  ;i  t  <-:»*•  if  it- 3  ?;<-  :■ 

mil  t  i -channel  record inp  *  V' t  o;n  (  v  ■  .  • :  ra  )  sennit ivl tv  7*  <-  •« 

mb  Tm;  roved  sfpnil  -t  o  -  no !  so  w.«s  a.'  i •  ved  w;  ••  r«-  v**.- .■  ^  <■ ..  r  v  hv 

.nv  i  :~u  1  itinp  data  fro::  tvpirallv  1°  l.tsor  sh'ts.  ,?  1  /h  -  r  *•  s«  *1  u*  * .  n 

s;vi-tr;i  wore  ohtainod  with  a  Spex  m  -  n-».  '•  r  r  1  :m 

s  vs  ton  rosol  ut  lonl.  For  t  i m«.  -m-sol  ved  studies,  a  an 

r  r<  ‘ssrd  ~  f  i  o  1  d  phot .  >m  1  t  1  pi  1  or  v.»s  coupled  to  tho  t  >:  i  t  --'lit  of  t v  « * 
monochromator.  Tl;o  transient  signal  was  d  i  spl  avod  « -  :n  a  TeV  t  r--u  i  v 
",1,'4  osr  I  1  1  oscopo ,  pivinp  a  detection  risetine  of  4,i;d  ps.  p'.,.r- 
vat  ions  wore  also  made  with  an  Fleet  top1-  tonics  streak.  .  .c.-ru 
(S-?°  pilot  oca  t  h.odo  1  h.ivinp  f  in*1  resolution  of  10  ps. 

'/•thane  was  re-soar  h  .Tide  parifv  jupplied  vv  v,a  r  '<  ■•n  ho 
T’rohiots  and  was  uo'd  withi'ut  furtl.or  no.  r  i  f  icaf  i  on.  Farl''n 
nonoy  f  do  was  n  1 1  r  vi  I  >:h  t'nr  i  t  v  orado  ( ’*a  t  ;u  k‘  »nd  and  was  freed  of 

any  ref  a]  oarhanv!  .osr.t  .o-i  n  mt  s  Vv  thr.noh  a  heated  :  o.bo 

a  t  fosphe  r  i  o  pressure^  paoVod  with  /lass  w  sd  (hi.  \'itro~ 
rnothano  was  HaVor  pa/ont  prado  and  was  distilled  under  :t!t  r-nvn, 
colloctfnp  the  nfddle  frac-tion,  h.p.  K’l-l<hl°r.  Fotenc,  hir 
f?r<-f>ared  bv  a  standard  procedure  (71  involving  ib/h.  vd  ra !  i  on  e.f 
acetic  anhydride  at  bt'0-SS0°C  and  was  purified  hv  trap-W-tran 
distillation.  Tt  was  stored  in  the  dark  under  v.tcuun  in  a  If  on  Id 
nitropon  l,ath.  A  salt -fee  hath  placed  between  the  ri"  •■rv/i  r  and 
the  snple  cell  was  used  to  condense  t  races  of  a«*o*  tr  acid  .rv4 
other  h  f  p,h-*hn  i  1  f  nt»  i  rmi  r  1 1  f  os  • 


Khsri.TS  a r«’P  niscTSsms 

Hivth  power,  70  ps  pulses  at  ?t>6  nn  forusnuf  Into  the  /apors 
under  study  (IP-S00  torr)  porn-rated  a  visible  streak  near  the 
focal  replon.  how-  and  h  i  ph-resol  ut  i  on  spectra  of  the 

luminescence  exhibited  no  differences  in  Intensitv  or  spectral 
distribution  durinp  a  tvplral  experir»*nt  tnvolvtnc  «.i-v**r.d  hrmdred 
1  a  s»*  r  shots.  Th  Is  f  nd  (  c  a  f  i»s  that  stable  ph  ■  •  t  •>  1  v  t  i  c  i  r<  -  due  t  s  tf 
not  s  i  pn  f  f  i  Cant  1  v  affect  the  prfmarv  .'•■cn-'.u'dt  Inn  pr<»ce^‘-es.  The 
result  is  not  surprisinp  since  the  phot  o  1  v  .*.!  rot-ion  is  at  least 
10h  smaller  than  the  total  sarnie  volume.  Tt  should  he  rnph.isi^ed 
that  our  analytical  techniques  p  f  ve  #*videnre  onlv  of  lumirjescent 
species;  other  i  nt  e  rned  i  .it  es  are  undnuhtedlv  produced. 


EMISSION  INTENSITY 


Fivure  2  depicts  the  similarity  of  the1  I nw- n*sol ut i on 
rrissiMM  spectra  from  h-tciK-  ,ind  rarhon  nonox?  He,  each  at  100 
t  urr.  High  resolution  spectra  Indicate  that  the  predominant 
emission  he  loops  to  the  C?  di  radical  In  its  triplet  d 3 17^  -*■ 

Swan  transition  (8). 


WAVELENGTH  (NM) 


Figure  2.  1.  uw- resol  ut  i  on  (2  nm )  emission  spectra  obtained  when 
k.-trne  and  carbon  monoxide,  at  1 00  torr,  are  irradiated  with 
individual  laser  pulses  at  2h6  run. 

Figures  3  and  4  show  the  Av  «  0  and  Av  =  - 1  transitions  for  C  ^ 
from  carbon  monoxide,  methane,  and  kotene.  The  emission  spectra 
from  methane  and  ketone  exhibit  a  st  rone  attendant  rotational 
structure.  In  addition,  a  weak,  underlying  continuum  emission, 
associated  with  a  plasma  forma  t  i  on,  extruded  thr  urhout  f  ha- 

visible  region.  The  int.  .sitv  of  this  background  varied  for  each 

gas  studied  but  was  most  pro" i mot  f •  < r  methane.  Figures  c  and  h 

compare  the  regions  of  Swan  'v  -  +1  and  *  \  =  +  2  omission  from 

carbon  monoxide  and  keteno.  Striking  d  i  s  s  i  mi  1  a  r  i  t  i  es  are  evident 
at  this  resolution.  Gnlv  in  the  case  of  CO  are  the  C  ^  "hieh- 
p  res  sure"  Kinds  (9)  observed.  These  are  a  consequence  of  thr 
sole,  tive  population  of  an  upper  vibrational  level  (geivr.illv 
attributed  to  v'  =  h)  (c<)  of  the  d  state  and  neo-vitato  dis¬ 
tinct  formation  mechanisms  for  the  C  produced  from  carbon 
monoxide  and  keteno. 


Figure  3.  High-resolution  (0.1  nm)  spectra  of  the  Swan  system 
emission  (  Av  =  0)  derived  from  266  nm  irradiation  of  carbon 

monoxide,  methane,  and  ketone,  at  100  torr.  Data  are  accumulated 
from  30  laser  shots.  Note  the  strong  rotational  decoration,  to 
the  high-energy  side  of  the  band  heads,  for  methane  and  ketone. 
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WAVELENGTH  (NM) 

Figure  A.  Spectra  of  the  Swan  svstem  emission  (  Av  -  -1). 

Conditions  as  in  Figure  3. 
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Figure  5.  Spectra  of  the  Swan  system  emission  (  Av  =  +1)  derived 
from  carbon  monoxide  and  ketene,  at  100  torr.  Data  are 
accumulated  from  30  laser  shots.  The  spectrum  from  CO  also  shows 
the  high-pressure  6,5  band. 
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Figure  6.  Spectra  of  the  Swan  system  emission  ( Av  =  +2). 

Conditions  as  in  Figure  5.  The  spectra  also  show  the  high- 
pressure  6,4  band  and  CH  emissions. 
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Kik'/irv  7.  f'si'  i  1  1  oscnj.o  !  r.jrc^  of  t  h»>  (  t  «n  ion  *■  f  t  <  v>>.\ 

at  r> 1 f>  run  0,^  transition).  A:  fet-ton**,  1 '  *0  t-ar,  r-'  •'*  :  •  s  /  ii :  v . 
Th«*  np)»<*r  t  inoo  shovs  t ! ««*  plasma  ra.iiat  ion  .it  *  !»'•  n;n.  H:  Cd,  lf.n 
torr,  J  ns/rliv.  T;  ketcnc,  1 00  torr,  ‘w;  ns/iiiv,  P:  (in,  J  ( >c  * 
torr,  I  us/dii/. 

Fip,'ire  7  A  :!iow.s  tV.o  rise!  ii\c~  1  }  :i»  i  t  <*d  Ido!  i  mi  of  tho  ii  ' 
emissive.*  state  (at  SI6  nm)  of  ^  ih-rivcc!  f  r«*;n  kcl  en<’.  The 

rise time  is  i  nd  i  s  t  i  nvu  f  shnbl  r  from  'that  of  the  plasma  r.uHatinn 


(upper  t  r.iciO,  ru'ii  i  I  ored  at  Mb  run  w'l-rt'  Sw.in  .  ission  is 
in')'  1  i  p  i  hi  i‘ .  Kv  contrast,  no  prompt  C,  emission  Is  seen  from.  CO 
(Kip.  710  when  either  the  nnra.il  or  the  hi  ph- p  res  m,  re  Mads 

are  monitored.  The  osc  i  1  !  op  ra.n  /  n  F/piiro  7b  shows  only  the  brief 
pl.ism.i  emission,  which  can  ho  detected  'lirom’’  nit  tie  visi'le 
re.  ion.  Over  mteh  Mui'er  timescales  (Kip.  7l>),  the  slow, 

•  o  1  !  i  s  i  o  ia  1  fei.il  inn  of  the  d  ? "  ,  -  t <  e  is  ‘  d .  An 

into  rro  Ion]  ir  p  ■  t  h-wu  v  1  >■  ni  i  up  to  tie  i  >  i  "  1 *  1  un  of  C  _t  1  i '  ■  that 

eoi'i'ested  hv  Kn  «»t  tl.  (In')  ( Ki; .  1  7  1,  i  >  >  ..  .'.i-.ti  :  t  with 

these  data: 

C  *  p:,  r  •;  -  !  0o  i  o  (1) 

r,  *  .  (■.,*  +  tv  (2) 

M  n  e  r.  .lit  s  a  third  he.:  v  and  *  t" :  e  rs  to  .  o.  -  m  •  pe,  i  f  1  ed 

elect  r.-nic  'tate  of  C,,.  Tin*  h  i  ph.  1  \ -s  p>  e  i  f  ic  v  i  1  •  >  t  1  a!  popu¬ 
lation  of  t':e  excited  s:  ate  is  then  rat  Coin!  (red  .e-  ‘  >1  lows: 

there  is  a  relaxation  of  the  initial  C,  state  to.  h"  which 
crosses  <!  ' "  -li'.ir  it'  sixth  vibrational  level  Mil.  If  h  o  pi  net— 

•  l  I  1  v  la  'i:  a-  •  .  t  ed  that  the  h  i  pi.- p  rcssu  r  e  e-.isni.  •.  io  i  .• :  'i.it  e«.  ’  "  r; 

v'  -  h.  Ihiw.a  r,  the  h  i  ph-pressure  1  elds  lie  to  tie  1  .  rev 

side  of  the  ■  ■  •  i  espi.nd:  np  normal  Swan  'and  id,  w’.ere  th.  :a  .ire 
no  t  o'  a  t  i  on  1 1  :  ■  ■  rn  d  i  t  f  retires .  hr  ■  '.  ■  -  pie,  the  it  >  d  (. ,  h 

h. ;  ph-p  rei  ■  ure  ti  ms  f  t  1  on  is  at  -'*18. h  art  while  tin  re  polar  *  ,  '•  •  war 

ban  !  observed  at  .bn. 9  nr:  (8,17'.  On  this  bisi*.-,  Wt.  inf.  r  ti'it 

th.  exact  . . .  nit  between  t  hi  b most  ocur  '.lew  '  M 

c. 

Si  tee  the  d  ",  State  cn  1  1  i  ■  !  c;)* d  fee  lit-  t.  i  • .  ■  1  a.s  h.  :: 

determined  as  ca.  1  _’;V  ns  (1),  it  is  clear  that  the  1 .  i  decay  :n 

Kipure  7  0  does  not  reflect  t  lie  kinetics  of  the  d  *  a'" 

transition.  Evident  ly  we  are  following  t  lie  for:  1 1  5  or.  hud  dec.iv 
st.ps  of  an  i  ut  e  nwl  i  a  t  e  (roii'idi  ut  with  hou.it  ion  I  an1  71,  w'ich 

. . .  the  rat  e-det  e  i -i  i ::  i  np  pro  esses  for  the  d'",  or. . 

'  i  ,i  i  ia  7  C  ;  n  d  i  a  :  es  .'hit  the  C  ,  d  '  ■'  'date  has  a  1  i  f  ■  Me  ■  t  c  i . 

7  us.  when  produced  in  100  t  orr  of  Jt’et  one.  It  is  likelv  that  t  '•*• 

l-ife'it  1  ecu!  e  .oid'or  other  photolysis  f  rumen!  s  are  involved  in 
:  c.f  ■: ,,  •'  i  up  steps.  for  instance,  all  the  hydropen  !-•  -urine  roes 
exhibit  a  s(  roup  pressure-broadened  emission  ’  1  tie  at  t.'o  .  i  :r.. 
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t  hi1  (msp  of  moth, (no,  whore  C.  ^  proportion  most  ho  ;i  col  1  i  s  i  ona  1 
process,  wo  have  nonetheless"  boon  unable  to  follow  it  kirut- 
ically.  The  plasma  radiation  dominates  the  transient  sipnal  at 
100  torr  of  methane  for  several  nanoseconds,  by  which  time  the  C.  ? 
signal  is  folly  developed. 
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Fillin'  Spectra  of  the  atomic  hydrogen  Ha  rni  ssion  lint-  derived 

f  rom  2  f>6»  nin  irradiation  of  ketene.  Note  the  si  rone  ;  r«  •  -sure- 

1 . 1  .  S f  f  ..  ..  1 


h  r  o.  i  d e  n  i  ng  e  f  f  e  c  t . 


The  C.?  emission  from  methane  and  ketone  show  cons  f  d*  ru  He 
rotational  exritiation,  which  implies  a  non-t  he  rr.a  1  1  v-or;u  i  1  i  b  rat  «*d 
population  of  excited  C  ?  nnl»*rulps.  C,,  emission  spectra  shying 
such  abnormal  rotation  are  ubiquitous  in  discharge  (13>  and  hist  r 
photolysis  (3)  studies  of  simple  organic  molecules.  In  an 
i  rite  rmolectila  r  mechanism,  "off -axis”  collisions  between  fray  «nts 
would  be  expected  to  impart  excess  rotation  to  a  Cv  product .  It 
is  also  possible  that  ketene  undergoes  unimolecnlar  elimination  of 
hydrogen  and  oxygen  via  out-of-plane  bending  motions,  leaving  C ^ 
with  rotation.  In  the  case  of  CO,  the  C?  h  igl. -pressure  system  is 
obtained  together  with  the  normal  Swan  svsten,  both  showing  the 
same  protracted  tine  development.  This  now  gives  temporal  as  well 
as  spectral  inference  that  C  ^  is  formed  from  CO  bv  pt*o«  »  sses 
entirely  distinct  from  those  in  ketene  and  met  h. me.  C.mseyi.mt  1  v , 
it  is  not  surprising  that  the  emission  spectrum  exhibits  much  less 
rotational  fine  structure  than  that  derived  from  Ve:»*ne  and 
net  bane . 


Weak  lines  were  observed  at  A 1  ft,  ?  nrr  and  A0f>,8  nm  mlv  when 
kit  i  no  was  photolvsed.  Tlu*v  are  attributed  to  the  IVslandr*  s- 
if 1  A/arnbu ja  si,. Riot  C„  system  (r  *n  *  a’t,,,  Av  -1  1  (81.  A  weak 
fluorescence  at  431. A  nn  (  f'i  r.  M,  ..b  served  for  V<  tene  and  v-  thano 


is  at  t  ri  hut  ed  t  o  CM  ep.i  ^ 


,r  • .  =.•  n  )  (  «  )  , 


The  power  dependence  of  flu*  C  ^  emission  i  s  displc.ved  in 
Figure  9.  At  high  input  pulse  energies,  both  carbon  monoxide  and 
ketene  (100  torr)  show  a  near-linear  power  dependence  indicative 


of  a  saturation  regime.  The  high-order  nature*  of  the  excitation 
process  is  clearly  evident  from  the  steepening  of  the  curves 
towards  lower  input  energies*  Furthermore,  focusing  of  the 
excitation  beam  was  essential  for  producing  observable  emission. 
Carbon  monoxide  and  methane  showed  no  emission  at  pressures  below 
10  torr.  Ketene,  however,  which  possesses  a  single-photon 
transition  at  266  nm  ( c  **  0.1)  mol  '  cm  *)  (14)r  exhibited  lumines¬ 
cence  even  at  pressures  below  1  torr.  The  streak  til  visible 
emission  extended  somewhat  beyond  the  focal  region  and  had  a  more 
diffuse  appearance  than  that  observed  at  higher  pressures.  The 
excitation  processes  may  well  be  different  at  lower  pressures,  but 
the  observed  luminescent  products  appear  the  same# 
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Figure  9.  Dependence  of  the  C?  Swan  emission 
laser  pulse  energy  at  266  nm,  from  ketene 
monoxide  (right),  at  100  torr. 


intensity  on  input 
(left)  and  carbon 


Figure  10  compares  the  Ae  -  0  Swan  system  observed  f  rum  IS 

torr  of  ni  t  rone  t  bane  with  that  from  10  torr  of  V«  ti*np.  The  (\ 
hand  is  substantially  weaker  in  the  rase  of  ni  t  rmet  hane .  If 
shows  excess  rotational  excitation,  as  for  k.-tene  and  r«*  thane* 
Furthermore,  two  new  strong  emissions  wire  observed  with  hano 
heads  at  421.6  nm  and  388*1  nm  (Fig.  ID,  below).  These  are 
assigned  to  the  violet  system  of  ON  .and  arise  from  H"r+  -*  X  • 
transitions  (ft).  The  A.v  -  0  transition  was  also  weaklv  observed 
in  the  case  of  ketone  and  carbon  m-uioxide,  indicating  a  slight 
nitrogen  impurity. 
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